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v e PRINCIP‘AL QUEDTIOL:J OF THE THEORY OF alAPTIVE C"’BERNETI_C

COI\TROL oYL .tEInb

A.G,Ivakhnenko, Kiev, USSR

Analogy of Basic Schemes of Conventional and Cybernotio

o i A P b e P e S A § ST T £ AR At 4T i ST o s 0 fim e s

_ystems

Stabilization systems with constant sctting date from the precy—

— e camn e ——— ——— w— ——

designed for more complicated taske than the classical ones of stabie—
~lization, program systems or servomechanism, particularly systems

with selfmchanging (or adaptation) of such charvacteristics as: &) re—
ferences, b) program, c) parameters, d) law of following or nonlineéw
rity (from type "S" to "i"), e) algorithims, f) probebility, 8&) region
of action, h) impulses, i) structure, etc,

When adaption s evaluated by one figure of merit ¥, all
syetems may be realized by employing the same basic schems with only
gsome variations, The cardinal difference lies in the principle of act—
ing, It is possible to emloy the principle "by disturbances" or the
feedback principle ("by output") (fig.1). Combined systems uniting

' both principles are the most perfect. The theory of combined systems
of stabilization /4/, elaborated for conventional unadaptive systems,
may wifh some alternations be applied to combiued cybernetic systems,
In thie paper we consider extremum systems, which automatically find
the maximum and minimum of the only figure of mmi.tgD s and are tbo
most developed examples of cybernetic systems, The reader is assumed
to be familiar with iPour principal shemes of extremum rezulators /4/,

Advantages of Combined Lystems in .teady State. Regimol

.§22§§93¥295.E§YE§39§980 The output power of the f.odblck (or
ncorrector") may be taken about five times less than in eystems with..
out compound links aftor_disturbances. the disturbances being equal,
IThe higher the requirements of rigidity of the system. the greater

the @nerzetical advantages o the combined systems /4/,
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Cybernetic advantages,. The. setting of the combined systems of
stabilization is facilitated ‘and oxtondod. Tho real static characteris-
tic Ar' A differs from the astatic 020202 . We can get & system having

) at“/C/(whicb is necessary for the voltage drop compensation in a l1li- |
ne) or a system having very high values of both rigidity and statiem
(which 18 necessary for parallel work of objects),

Extremum systems have & servomotor, The clhsost analog is & eysten
of stabilization aleo posseessing & servomotor, We can consider th. ’
geometrical placo of the extrema in the epace L P/ as the astatic
characteristie 020202. and the place of real work (or the hunting
centre positions) as the statioal characteristic A A A { liei® the mani-
pulated variablet L — the maqin disturbance, Let us approximate the
oxtromum characteristic by @& parabola (table 1), We find the equations
of statical characteristic A A A (table 2) , and estabilish:

1) 1f 1 = Oy ¢ =0, b;=0, n =0, we have Z,= -m°<P y 35‘ gz: 0

and the system is identical with an astatic one and the characteristics
an's" and 0,0,0, coincide, . !

2) Another way for changing the statical characteristic position

is tofnake use of the compound links 1, and 10. Here it is possible to

‘/m}c
eliminate the statical error only in ar“ gimes without error" series
/4/. where 1o -}30 (for oconventional systems 10 é%— ) when 10- O
b= O.

Lethods of Objective Detection of _Disturbances and

uanipulated Variablea and Calculation of the “Optimum

e e w it R N I L L TR PGPSR, TS 2L s w— -

Compound Characteriatic"

PO

s

To gliminate the steady state error A; in all regimes without
exception we must apply a specially selected nonlinear compound link,
characteristic o} which we call the "optimum compound characteristic”,

The method of obtaining such nonlinearity is elaborated in . /S, 6/
Approved For Release 2009/07/23 : CIA-RDP80T00246A008000280002-1
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It is interesting to work out an objective method of detecting
distufbancel and manipulated variables, In the general aspect it means
a method that can furnish a reply to the question: which elements are
ﬂest manipulated in a system — paramefera or nonlinearity, structure
or codes of 1mpplses, etc? There are no such methodd as yet, A more
limited problem consists in settling which of the parameters it is best
to change in order to get a more perfect extremum, Here, the optimum
transient response may be found by the statistical methods of \.iener
/8/ Booton and others, If difficulties are met, some rough approach
may be used, correcting‘by experiment (appendix 1), since this gives
a precise answer to the question of the choice of disturbances and
manipulated variables and the existence of extremum, '

Optimum cla racteristics have to be known only when constructing
systema acting "by disturbances”", When constructing feedback pyeetome.
it is sufficient to know whether the extremum (for example, the mini-
mum of error) exists or not,

Servomechanisms which self change the gain dependidng en the
frequency and amplitude of the signsvaried signal (fig,1) were tested
experimentally, Such signals are received by accoﬁmodstion systems
and somcalled correction servomechanisme working in combination with
opened control, It has been estabilished that cybernetic Systonl
acting "by disturbances" (fig.1 8) can work stably with & very high
average gain factor, several times higher than the value thginod frol
the stability conditions of conventional, unadaptive systems, A5 soon
as the frequency or the amplitude of eignal decreases, the system
automatically returns from the precise following regime with high
gain, to the noise "smoothening" regime with low gaing the dynamic

error decreasing by sbout 50 per cent,
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Rules for Selecting Schemes of Control Systems

1) when all the noises may be measured and the amplifier charac~
teristics are atégg; here is no necessity for using auy feedback;
i1t is sufficient to use openmcycle control "by disturbances", settled
by the "conditions of invariantness",

2) when the noises cannot be measured we must use the closed sys—
tem of feedback, settled by compromise setting or by statistical cri-

teria,
3) when only a part of the noises may be measured, or when all

the noises are measured but the gain characteristics are not suffioci-
ently stable, we have to- use @gombined system, settled "by parts"” /47,
fhe setting is meant to include the choice of parameter values as well
as the synthesis of the scheme by employing new elements, _

These rules hold for conventional unadaptive systems as well @s
for cybernetic extremum systems, The latter syetemb have easier con—
ditions of noise measuring, It is not necessary to measure the noise
itself, it is sufficient to measure $0me.generalized‘parametere (for
example the frequency k, noise to signal relation —i—- etci). For
periodical noise measuring, the signal can be shut off for a very .
short time (the method of "tes% impulses”){ moreover in combined a&a—
tems this is more frequently permissible then in uncombined /5, 6/,

In the case when cybermetic control is applied to & conventional
control system, we are &ble to consider the cybernetic regulator as
secondary, supplementing the basic system for improving its operatiorn.
It may act on the feedback cycle of the basic éystem a8 well a8 on
its openwcycle, To the secondary cybernetic regulator may be added a
cybernetic regulator of the third order, adapting the charactertstiol
of the secondary regulator; etc, Each such regulator achieves a cer—
tain step in the iterationsal solution of the control task (the noiho‘/
Approved For Release 2009/07/23 : CIA-RDP80T00246A008000280002-1
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pgklnthod of successive approximatiogs). When the system actes ideally
(for example, when it is settled by the conditions of invariantness)
the accessory cybernetic regulator is unnecessary.
Sdvantages of @ombined Systems in Dynamic Regimes

If, on taking into account the hunting error, the total error of
the system is A =A,+01+A3+Ay | where A: is the statical error, Aax
the transient error, 43 - the hunting error,4v - the speed error. The
combined system has the following advantages in transient responses: the
applicability of the invariantness conditions increases, which permits
tho elimination (or decrease) of statical, transient and speed errors,
i.e. the increase of the speed and precision of the system. In contra-
distinction to the systems acting "by disturbances" only (also possess-
ing great possibilities for satisfying these conditions), a high rigidi-
ty Se1+Apmay be attained in combined systems, which eliminates errors
due to noise for which there are no compound links.

On testing the extremum regulator of the (g%%%g) ratio, acting on
the (;%EI) relationship, developed at the Electrical Engineering Insti-
tute of the Ukrainian Academy of Sciences for steam boilers, the non-
combined éystem was found to be impracticable (see the Ukrainian jour-
nal "Avtomatike", No. 2, 1959).

Raising of Precision and Speed by Improving Compcund Links

"by Disturbances"

The fundamental law for setting links "by disturbances” is satis-
fying the so-called invariantness conditions. Let a linear system be
, "
described by the equation Q3 (P) P= gs (P)Lr‘-ga (P)lea+ .-

where ai(p) and b3(p) are polynomials wikh p-&t of order n and m res-
pectively; P is the controlled variable; L, end QR are disturbances.

Then the conditions of invariantness can be written in the four forms

presented in table 3.
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The movements of the hﬁnting centre df an extremum system with
reference self=schanging is described by‘linacr_oquationl with conltlaf,
coefficients in derivatives or differences, Foxr other systems (i;g.tho-
se with variable parameters) these equations are the first sbproqoh
which is more precise when the departures of the centre are less,
Extremal continuous test signal systems ars, in essence, systems ef
etabilization of phase disoriminater output. vofiage (possessing serve)
at a constant value close to gere (fig.4), In systems having serve we
must dietinguish measuring 1(p)L and power (direct) 1'(p)L compound
iiZiZ; The former acts on the amplifier input, and the latter~directly
on the odbject, In conventional systems lhd in extremum systems with
continuoue test signal for satisfying the invariantness coﬁditionl. it
is pessible to choose 1l(p) and 1'(p). The choise eof 1'(P) is recenen-
ded in autohunting and output sampling systems (appendix 2), To satis-
£y condition (2). To eatisfy condition (2') it 1s sufficient that the
optimum compound éhlracteristio and the direct link should be linear,
The other elements (e.g.8ervo) are not involved in the error compem-
sation and thus it does not matter what equation they have,

The idea of complete invariantness belongs to Prof,G.V,Shcipanev
/1/. The poseibility of the physical realization of dynamic systems
(bridge schemes) satiefying the invariantness conditions was estabi-
lished by Acad,V.S.Kulebakin /2/, Automatic control sydtems (distin-
ghished by unilateral action) were shown by the author to satisfy the
invariantness conditions /3/, I.R.Modro'- raper /10/ belongs to this
trend too: Thus, the practical value of the invariantness theory has
been proved, Prof, G.V,Shcipanov's error consisted in assuming the
poesibility of completely eliminating error in "by output” or feedback
systems, whereas in such systems it is only poseible to eliminate the
stable components of the error by increasing the degree of astatism

(form 3a), The latter was eatabilished for uniform motion and uniform
Approved For Release 2009/07/23 : CIA-RDP80T00246A008000280002-1
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acceleration by N,lidnorsky /9/. The rest of the invariantness condi-
tioﬂ forms (except 3a) may be satisfied in combined system and in
syetems "by disturbances” only,

The first extremum regulator nctf;g npy disturbances" was cons—
stfuottd by V.A.Bogomolov and V,Ll,Benin at the Electrical Engineering
Institute of the Ukrainian SSR Academy of Scionco! /4/, and an extre—
mum regulator with feedbaok wae first desoribed in /15(. The first
considerable extremum system analyses were made by Y.V.Koynkovich,
(1948) and then by Draper, 11 and Lininé (1951), The system of steam
boiler efficiency regulator mentioned above, developed in 1958 st the
Electricel Engineering Institute of the Ukrainian SSR Academy of
Sciences /5/s 48 the first combined extremum system,

Raising_vreoiaiogrand égeed by Img;oiing Peedback Loops

The fundamentsl law for setting' the feedback loops of combined
systems i8 the condition of'“compromise setting", when the gaip is
chosen 80 that with & sufficient rigidity S ={+&p sufficient
stability (e, o,2¢'0.25) i1s attained, Statisticel methodq of.ppt;f
mum transfer function selection may be applied for the same purpose,

It must be kept in mind that in systems with servo the ratie

( 422!!%—- ),Called the "figure of merit", serves as rigidity mea-
speed error ‘

sure, and the ao-called ndegree of stabllity" opq, /4/ serves 88 &
etability measure, 1n the case when & conventional contrél systen is
used as an cybernetioc control object compromiao setting, or statisti-
cal methods, are employed twioes.once, to the main system, npd then
to the cybernetic regulator itself, The peculiarity of the cyborpotic
regulator feedback loop synthésis consists in easy signal changing,
and the feedback loop scheme and parameters are subject to small char
ges only, whereas in conventional systems the feedback loop §cheme

and parameters are veried (appendix 3).
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The basic methods of weak signal reception when noises are pre-
sent, employed in modern communication systems, are applicable 15 ox~
tremum systems as well (figs, 1, 24 3, 4). A peculiarity is the appli-
cation of.corvbla ion functions of the "relay type”

Py (T)=% [ #&)[Asignf(t-T)]dt

Kiy (T)=4] FONAsigny - T)] ot
instead of the usual proportional type /5/, This permits simpflifying
the apparatue, If the rise in the noise proofing attained by the oress
correlation method is taken as unity, the effect yielded by other
methods, with an equal speed of system may be estimated by the folle—
wing table:?

~ method of AUtOCOTTELALION c.veecscccccorcnese0s8-0,9
— method of croés® correlation seececececerccceacslal
-~ method of integration (accumulation) cecceceele0
— methods of crees correlation and of
signal filtration simultaneously eeeccececce 1o1=1,2
- method of signal complication |
(d4gi4al-radiedocation) secveccccsssccsccccOvVer 1,5
This order of methods holde for both oren channels and when
allowing for feedback, These figures have been substantiated by tests
on the LH~-T7 model, The correlator eliminates disturbances en the sa-
me principle as the synchrodetector, The advantages of the signal
complication methed are accounted for by the fact that it increases
the quantity of informations a complicated signal being more readily
distinguished from interference than a simple one, An example of &
iyatcm giving K and 1 letter signals (in korse code) is shewn in ftg.‘j
Since the signal complication methed has not been worked out as yet,
and the integration (accumulation) methed is rather cemplicated, the
cress correlation methed is best for practical purposes /fig,28/,

The basic apparstus necessary for effecting this method is new bdeing
Approved For Release 2009/07/23 : CIA-RDP80T00246A008000280002-1



" Approved For Release '23)03/07/23 . CIA-RDP80T00246A008000280002-1

| prodﬁced serially (e.,g. BTH regulator of the 3P —-type) /5/. Extremum
co: trol systems, constructed on the basie on thﬁa universal reguladorg
will differ from one another only by the measuring element, produoting
d.c. voltage proportional to the nfigure of merit" (of the extremum)
P

Orthogonalitz SNon-correlation2 of Two Setting lietheds
; gy
when the conditions obtained below l)fI #F( 9’) , &€ Z(P)

ove ) &s(p)=p@)+L 5+ V(P Y (P)F E(P)=0
' are satisfied, the methods of increasing precision and speed by impre-
ving disturbance links are connected with the choiee of coefficients
of the right side of the syetem dynamics equationsy and the methods
of improving closed loopB, with the choice of coefficients of the
left side (£ig.5s showing this, is taken from /3/. The effect of
compound 1inke on the stability is mot great, The setting of both
basie and secéndary (cybernetioc) combined systems may be effected by
the "by parts” methed: first, maximum improvement of the cllsed feed-
back loop, and then second, of the open compound links by disturbane
ces and noises,
Appendixes and Tables

Appendix 1, Example of Nethod of Choosing Input Variables,

| A servosystem which is to be the object of cybernetic contrel is
described by equations of dynamics

S=8-P-mpP
M=K, Z
(%p+t) PP
The eyetem is acted upon simultaneosly by signal and noise:
S't)=W ) +N(E) ., Applying the reugh approach method of

G;Dutilo /8/, we £ind that the minimum error is attained when the spet
trel densities of signal and interference are equnuf'w(lﬂk)r.ﬂ, (We)

where W=0Jk fe the cut (or 1imit) frequency of the closed
| _A 2K
lyatom. d’qﬁ (6()) = '7’? {‘?K)&*. oL e ap e

. Approved For Release 2009/07/23 : CIA-RDP80T00246A008000280002-1
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is the aign-variod square signal
Sy (W)= =a" is the. white noise,
As the second design equation 1s an expreaaion (or plotted funotlol)

for the ocut frequenscy, obtnnod from the above equations of the system I
elements

We=f1 (Ca, We), wheze Cu= %— \/— Kp=0 X 2 (z)

Solving (1) and (2) grsphically we find the monogrm /S5y 6/t
_)(;(a / K/Cfa/“)")
This monogram answers the following questionst
¥, What variables are %o be considered &s disturbances (‘ and k)?
2, wWhat parameters are to be manipulated (o4, and w/ o)?

Thus, the rough &pproach gives exact answers to the principal
questions, The momogram aleo makes it possible to. dotennino apprexi-
mately the "optimuh compeunrd characteristice" C,.= é )

"
= A These characteristics may be made more

precise by experiment aftervards,

Appendix 2, Choice of Cempound Links Coefficients by Invariantness
‘Conditions

Por the system of stabilization described by equationsi
control laws > =¥- m(P) P- g(P) L
amplifier and serve! M=Y, (P)—
object s P=A+ Ya (P)M~.ﬂ[p)[,+ Z(,o)[,
losd (controlled system): —(E =Z(P)
we obtain the following characterietical e«vzati .ll (for the variable

' +Z)+ Y
2): 1o Vyfe) Y (p) i)+ PEEOL I OIEED)

second form of the jnvariantness condltions:

AE)+E(p)+ Y, () Ve (RA L (P)=0

Vihenge

when -e’(p):O ﬁ(P)*)I{(P)YA(P)T(;Z(P):O | (21)
wen  £(P)=0  p)+d(p=0 (2")
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We determinet 1, Conditions 2. 2" may be realiged only ia
systems where the choice ef 1(p) or 1 (p) is poseible, i,e, im cembined
ayutom and in systemlncting by dieturblnco'a, o

2, Compound links 1l(p) and 1'(p) may be considered as oponﬁd and
fall to affect the stability only in cace of the 1nvnrinntneu‘cond1—l
tions being satisfied or When Z(p) msoo , in /4/ the caee is considered
when Z(p)-/\.,-o- cP _ s &and error bve:compmutign is found te
result 4in hgnting (auto=oscillations), d

For an éxtrcmm system with eéntinuoul test signal the following
equations hold:

control law: S=-0+ e(p)L

amplifier: - U= y,, (P)Z

serve: M=Y, (p) 4

Linear part of object: M, = Vg (P) LM+ 860) LJ

nonlinear part of object: (¢+¢)_ -a (M- E“)

phase discriminator (correlator): ? - X

where Po=b.+4,L ) Z-C.*j&f (R L o]

For variablesZ, O, U, M and M¢ , there is a closed system

eof linear equations, Let for instance Y(p) YV Y. Y, , ) )—(l-p +4
(P) 20,Co=0 Then we obtain: P+QA,p+Q:) 6= 6’, + '
Let us take nondimensional timing:,:de-&a‘, (Tlfw,gi;/o,*Dg:)L

(D20, D+4) V= (fiD' Y DAL here Gor
Solution: 1) whem L =(4]: 6‘3{ € l?a Co‘s'f"‘laT*gd‘t”ﬁnT); ‘ F%z

where d= r Y é- r ﬁr Y;_C_.a and f3,=y4, - ~C}y

1Y

2)when L=Vt : 6= Y"T‘—Aq-l-e "(aCOSJSuT+€JLn/3,4 )

where a,: Al[=2 C'-l v;.. v; ,' g ZC. ‘CM

: 2
Invariantness conditions: Yis-% and Y,’:zc., {;
Transient response forms, with Ay=0 » are shown in figure S5,

This example shows the selection of measuring link coefficients 1(p),
Let us also consider the choosing of direct link coefficients 1'(p);

It is necessary to distinguish two cases:
Approved For Release 2009/07/23 : CIA-RDP80T00246A008000280002-1
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1. The object consists of inertial and nonlinear parts.The opti-

mum compound characteris};ic is known:
M= l(p)[Ma«é(P)L] wma M= 3,4

Then in order that when is varied, servo should not be

switched on, 1t is neoessary that: é
—— L X} +

M=o, €)== 48 psb, ptlnp

2. In an object e(ngvalent circuit, the nonlinear part is placed

tirst, and then the inertial. In this case for a continuous test sig-
system we obtain, '

control law: 3>=-—6 +€ (p)L
amplifiers U= Yy (P) 2

serve: M=Y, (p)——
nonlinear part of objectt (/V, Mo) =-Q (M Zzo)
linear pnr%ject' D= Yy (P) M,

phase discriminator (correlator): V= Vs/P)N:
where M, = &.- il Za=Ctpl-E/l or 5,=C. +ﬁ.(£v)+g (L)
In this case for completo invariantnees, it 18 sufficient to use cem~
pound follow-up link, chose@ in accordance with the optimum compound
chnracteristic (when 1(p)=0),
For & linear system: 2 120= Co*ﬁoL—'Z L= const. or fo= !"
for a nonlinear system: 2, =Cot AL - Z(L) const. Of'ﬁo(/') Zﬂ’)

In /S, 6/ @ method is developed for choosing derect compoumnd link

{

nonlinearity, and the approximate replacement of the by several distum-

bancea iink. é {L,L Ly....Ln ) by a simpler sum of{ iinks:
éo, (L)-rfn[[, )+£,_‘([, )+ +Zo,,[1m) is discussed,
Appendix 3, Example ef Applying the Statistical iethod

Lot the extremum regulator with forced hunting (i.,e, with medu—
lation or output sampling) change the manipulated variable M by the
square iipulses law. The autocorrolatlng fﬁnction of such a8 signal is
/4 { T) A zé where k is the frequency, This variable
together with interference of "white noise" tyre, for which
A,.,/‘Y):al » Passes through & circuit (cousisting of an ebject
and mealurini elements) the impulse function of which is kno'n. 0.2

(t) weé?* (first order object), For better noise-proof:lpg
of the system it is necessary, that the int.rference to eignal ratie

on the measuring element input should be as small as poscible, Using
Approved For Release 2009/07/23 : CIA-RDP80T00246A008000280002-1
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meru formule in a form obteined in Joues® paper /3/ we £inds
- 2 . s 1
W(t) S Ault) o WLA® e kg
The practical conoclusion from this exanple consiets in the choice
of the optimum number of cmitchingesin of the serve per unit of
.
time K< 57

ZTapLs

o ) T E'L:‘;tionafor ﬂteaﬂ Gt.ltc r;”
“Por stabilTsution Ex‘é'téﬁ ‘Féru?é%"m
Z,=‘m,£'noproL*ky Z, =-m, ¢"’hM"‘£‘

dew of resulation

& —— - T+ Sy o

roguldutor with proporm- ad )_-'
tional speed PM = dJ_Z, =0 T =0
Objcct of roguiation P=aZ, - L ¢)'¢o '-f-'d(z;a “Zzlf
wheret , whm‘ol%:é +b A
S,=M+/4, L e gl T, ML
s -+ e rnias | onam 2 - o 2-20'("0"/‘9 ;Zg -M*éé.
TABLE P2
SteticaI ;;uract ;74 B stabilizotion ayoteinm | ﬁt;;mh cyoten
tics : A . o
ln plane [~ vwheres 3 . Ve vheres
°Td myth, ¥,=C,+ N
} - m,/p-—d,&,ﬂ-* ep o ° 20/’”0
in plane @ - ¢:€o‘67M ¢=0;-'5;M

wheret 4 /5 -d, &y PRF8} ¢ ¢ ok r ppe]
v En A —

o nolp-0.l)4 b 6&@&%&;&

I~ mc(ﬁ:...d.l.ev'}.:.{: 1
X

s oot GRS Y TN

= e 9 l)-d, 2 m:,-Za({,%'—p)({-Q)
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;me of invariant- ‘ Porms in which the Part eof error Mesns of
Bos  ess conditions disturbances have eliminated  realize—
_ , to be given tien
— 1) .
v L,(t)=0,L,(t)=0 ef no practical importance
2 g ) =0 (2) 4n eny foy‘ total erroy comtrel
. ${P B (for nonlinear. caused by by distur
"  systems — with dieturbances bamces snd
83 (P)=0 8 1imit by acce— L, and L, :hg.r ::n.
- erivati-—
leration /4/ ) ves
Q in the common steady-ctate integral
:';'4 o form, in letters component on- contrel
3 :’: < ly, caused by /9/
e "~ all disturban—
| S

Qo S : .

" steady—ctate contrel
@, o) component only, by dis~
< A The same caused by one turbances

: L, ;“’\ disturbance L, and their
T S time de-
It o ivatives
al o K, rivative
< | S 3
| L)
in numerical form total error displace-

caused by dissulent dev:.

turbance 1, ce Lz(t)
(forcing
device)
and arti-—
ficial
changing
of refe —
rence ip
the prog
ram sys —
tems (mee
/4/p.293 ),

The conditions are real for the linear systems - a) with zere
jnitial conditions of transient respense b) when n m

- - - a nren
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